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ow do we maintain our balance? This might seem to

be a trivial problem since most of us are able to

maintain our balance in a variety of environments

without apparent effort. However, further consider-
ation reveals that this problem is not trivial since complex
biomechanical, sensory, neural, and muscular subsystems are
involved in human postural control. Each one of these subsys-
tems is so dauntingly complex that one might be discouraged
to think that any system involving all of these subsystems
could be understood. In developing a quantitative model to
help us understand the postural control system, one might be
tempted to capture as much of the complexity as is known
about each of the subsystems. However, this article will fol-
low the approach of Occam’s Razor [1]. That is, we begin with
the simplest possible representation of each of the subsystems
and only add complexity as necessary to be consistent with
experimental data.

Simplest Feedback Control Model

As a first step in model development, simplify the bio-
mechanics of the body. The biomechanics of a multilink in-
verted pendulum are well known but quite complex [2].
However, when the body is represented as a single-link in-
verted pendulum with body rotation occurring about the ankle
joint axis, the equations of motion are quite simple. When a
subject’s body-in-space angular orientation (BS) deviates
from upright, gravity (g) acts on the center-of-mass of the
body (COM; body mass m located at a height & above the an-
kle joint axis) producing a destabilizing torque equal to mgh
sin(BS), which in turn produces a rotational acceleration away
from the upright position that is inversely proportional to the
moment-of-inertia (J) of the body about the ankle joint axis.
To maintain balance, a corrective torque (7)) must be applied
to counter the torque due to gravity. The differential equation
of an inverted pendulum is given by:

2

B .
Jdd 2S =mghsin(BS)+T..
1

()

After making the small angle approximation BS=sin(BS) and
taking the Laplace transform, (1) can be expressed as a trans-
fer function relating BS to 7, :
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BS(s) 1 )

T.(s) s’ —mgh

where s is the Laplace transform variable.

As a second step, simplify the sensory systems involved in
postural control. It is well known that sensory orientation vi-
sual, vestibular, and proprioceptive/somatosensatory orienta-
tion cues contribute to postural control since stimulation of
these sensory systems evokes body sway [3]. To simplify,
eliminate vision by eye closure and consider the postural re-
sponses of a subject with absent vestibular function. This
leaves only proprioception/somatosensation, which can be
further simplified by including only proprioception, which we
define narrowly as a sensory cue signaling body tilt relative to
the support surface (SS) upon which the subject stands. Fi-
nally, proprioception is assumed to have no dynamics and is
represented by a weighting factor (W,,,), which can be set
equal to 1 without loss of generality.

As a third step, assume that our simplified postural control
system is configured as a position feedback control system
[Figure 1(a)]. Feedback is accomplished by the mechanical
relationship BF=BS—FS. That is, body orientation relative to
the feet (BF) is the difference between body orientation rela-
tive to earth-vertical (body-in-space, BS) and foot-in-space
orientation (FS). BF is sensed by proprioceptors to form an in-
ternal position error signal (e), which in turn is used by
neuromuscular systems to generate 7. Finally, 7, produces a
change in BS according to (2). A time delay is included in the
control system that represents the combined delays due to sen-
sory reception, neural transmission, neural processing, mus-
cle activation, and force development.

As a fourth step, make some initial assumptions about the
“neural controller” that represents the neuromuscular pro-
cessing that leads to corrective torque generation. It is known
that the minimal requirement for stabilization of an inverted
pendulum body is that corrective torque is generated in pro-
portion to both e (with a “stiffness” proportionality factor Kp),
and the time derivative of e (with a “damping” factor Kp) [4].
That is, the neural controller includes two components that
provide “PD” control. By analogy to man-made control sys-
tems, we might also consider a third component proportional
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Consider the possibility that sensory

cues from proprioception/

somatosensation contribute more

than just a position-related signal

for postural control but also a

force-related signal.

to the integral of e (proportionality factor K;) so that the over-
all controller provides “PID” control [5].

As a fifth step, form the overall transfer function of this
feedback control system. This transfer function is given by:

BS(s) W, NC-B-TD

3
FS(s) 1+W,, -NC-B-TD ©

where B is the inverted pendulum body transfer function given
by (2), NC is the neural control transfer function given by

Kp+Kps for PD control or Kp+K)s +K; /s for PID control, and
TD is the time delay given by e”"*".

Finally, compare experimental results with model predic-
tions to determine if the above simplifications are justified or
if additional factors must be included to account for the exper-
imental data. All experimental data were collected from sub-
jects who gave their informed consent to perform protocols
approved by the IRB of Oregon Health & Science University.
The four panels in Figure 2 show different transfer function
fits to identical sets of experimentally derived transfer func-
tion gain and phase data points. The experimental data were
from one test trial of a bilateral vestib-
ular loss subject standing eyes closed

Time

BS

o

Neural
Delay Controller

on a support surface that tilted about
the ankle joint axis according to a
pseudorandom stimulus profile with a
1° peak-to-peak amplitude [6]. Single-
link inverted pendulum biomechanics

Body

BS=BF+FS (@)
BS = Body-in-Space Angle

BF = Body Angle Relative to Feet
FS = Foot-in-Space Angle

Force Feedback

BS
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Passive Muscle Dynamics

were assured by use of a backboard as-
sembly that permitted only ante-
rior-posterior body sway about the
ankle joint axis. Transfer function gain
and phase measures as a function of
stimulus frequency were computed
from power and cross power spectra of
the FS and BS waveforms [7]. The
gain represents the ratio of BS to FS,
and it is assumed that the feet re-
T, mained in contact with the support
surface so that FS=SS. A gainof 1 and
phase of 0° indicates that the subject’s
body was perfectly oriented to the sup-

(b)

port surface, while a gain of zero indi-
cates that the body remained oriented

Fig. 1. (a) A simple postural control model formulated as a negative feedback position
control system with sensory orientation information from proprioceptors sensing body
orientation relative to the support surface. A weighting factor W, is applied to
proprioceptive sensory information, and this information is processed by a neural con-
troller to generate corrective torque T_. The stick figure defines the positive directions of
orientation angles and corrective torque. (b) Modified model that includes passive
muscle dynamics P and a positive feedback loop conveying force-related sensory in-
formation F. Passive muscle properties generate passive corrective torque T, that sums
with active torque T, derived from sensory information to give the overall corrective
torque T_applied to the body.
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to earth-vertical independent of the
surface orientation.

Experimental results showed that
gains were largest at stimulus fre-
quencies in the 0.2-0.5 Hz range and
decreased at lower and higher fre-
quencies. Phase was close to 0° at
about 0.15 Hz. A phase lead was pres-
ent at lower frequencies, and an in-
creasing phase lag developed with
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Weight changes must be performed

in a coordinated fashion since

changing the internal gains of a

feedback control system

can have a profound effect

on the dynamics of the system.

increasing frequency consistent with the presence of a time
delay in the control system.

The question is whether or not the simple model given by
(3) is capable of accounting for these experimental results.
Figure 2(a) shows a curve fit (solid lines) of (3) with a PD neu-
ral controller. In this fit, the neural controller parameters Kp
and K, and the time delay T, were allowed to vary. Body pa-
rameters m, h, and J were measured or estimated using
anthropometric methods [8]. This model fit did not provide a
good explanation of the experimental data. In particular, this
model was incapable of accounting for the experimentally ob-
served decline in low-frequency gain and the low-frequency
phase lead.

A considerably better fit to the experimental data was ob-
tained if the neural controller had PID characteristics [Fig-
ure 2(b)]. Mid-frequency data (0.1-1 Hz) were quite well
described by this model. For frequencies less than 0.1 Hz,

the model with PID control improved the fit by accounting
for a gain decline with decreasing frequency and some phase
lead. However, the model predicted that the phase will ap-
proach 0° at low frequencies, while the experimental data
showed no sign of phase returning to 0°. Additionally, for
frequencies above about 1 Hz, the experimental data showed
more phase lag than predicted by the fit. These discrepancies
indicate that some additional factors not considered in this
simple model are contributing to the dynamic behavior of the
postural control system.

Modified Postural Control Model

The close correspondence between the model and data in Fig-
ure 2(b) suggests that we are on the right track but are possibly
missing some important component(s). Consider the possibil-
ity that sensory cues from proprioception/somatosensation
contribute more than just a position-related signal for postural

PD Neural Controller

PID Neural Controller

PD Neural Controller
+ Force Feedback
+ Passive Muscle Dynamics

PD Neural Controller
+ Force Feedback
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Fig. 2. Curve fits of model equations (solid lines) to experimental transfer function data (points showing mean with 95% confi-

dence limits) obtained from a bilateral vestibular loss subject standing with eyes closed. Posture was perturbed by a
pseudorandom rotation of the support surface (1° peak-to-peak amplitude) about an axis aligned with the ankle joint axis. Pan-
els (a)-(d) show different model fits to the same set of experimental gain and phase data.
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control but also a force-related signal. A force-related signal
might arise from the pressure distribution on the feet [9] or
muscle tension signaled by Golgi tendon organs [10]. The
model shown in Figure 1(b) postulates that force-related sen-
sory information is used in a positive feedback loop that sums
with position-related information obtained by negative feed-
back to form an internal error signal e. Then T, is generated
through the action of a PD controller. To understand how posi-
tive force feedback can contribute to postural control, con-
sider a subject who is leaning backward. A positive torque 7,
is necessary to hold this position and prevent a backward fall.
Pressure on the heels of the feet or tension in muscles on the
front of the legs due to this backward lean is sensed and con-
tributes to an increase in the internal error e, which results in a
further increase in 7, causing a return of body orientation to-
ward the upright position. Thus, positive feedback, which is
usually thought to have a destabilizing influence in a control
system, can be used to improve the performance of a motor
control system.

In the Figure 1(b) model, force feedback is implemented
by feeding back a signal related to 7. Specifically, the force-
related signal contributing to e is assumed to be proportional
to the mathematical integral of T.. (F = K-/s in the model block
diagram) so that force feedback primarily influences postural

The fit of this model, using a PD neural controller, is shown in
Figure 2(c). This fit shows a gain decline and phase advance at
lower frequencies that is quite consistent with the experimen-
tal data. Although others have shown that positive force feed-
back contributes to motor control [11], our assumption that
the postural control system makes use of an integrated force-
related sensory signal is based entirely on the fact that the ex-
perimental data is explained well when this form of force
feedback is included in the model.

The Figure 2(c) fit now provides a good explanation of
the low- and mid-frequency experimental data. However,
the high-frequency data, particularly the phase data, are not
well fit by this model or any of the previous models. To ac-
count for this high-frequency behavior, the Figure 1(b)
model also includes a “passive” component P that contrib-
utes corrective torque T, to the overall corrective torque T..
T, is assumed to arise from the stiffness and damping prop-
erties of the muscles and tendons and is proportional to BF
and BF velocity (P = K, + Bp,gs in the model block dia-
gram). There is no time delay associated with this passive
torque component.

The transfer function of this model that includes both force
feedback and passive torque components is given by:

behavi(?r at lower frequencies. The transfer function of this BS(s) P-B+W, -NC-B-TD s
model s given by: FS(s) 1-F-NC-TD+P-B+W, -NC-B-TD’ ©
BS(S) _ W NC-B-TD 4 The fit of this model is shown in Figure 2(d). This fit to the
FS(s) "1-F.NC-TD+W_ _-NC-B-TD @ high-frequency data is now improved relative to the previ-
prop ous models.
Adding Additional Sensory
Information
The models shown in Figure 1 apply to
VS=VB+BS a rather limited subset of the overall
T~ population (vestibular loss subjects
O 77 standing with eyes closed). We now
VB seek a parsimonious expansion of this
B / ™~ model that includes both vestibular
/ / Sensory and and visual sensory orientation cues.
Neuromuscular -

- Systems < The mode.l shown in Figure 3 accom-
M vs £ vg vest phshes this by adding separate nega-
S — | Weis tive feedback loops for the vestibular
\+ system, which senses body orientation
BS FS + « BA + 35 e Tl BS, relative to earth-vertical (BS), and the
k _’_8 | Woro _:@_’ D> Ne > B " | visual system, which senses body ori-
Br{ BS T entation relative to the visual world
FS, F | (VB = VS—BS). “Sensory integration”
V \ / is accomplished by weighted linear
addition of the individual sensory
channels to produce the internal error
\Li: BF+FS signal e. One could imagine that the
nervous system selects the weights to
accomplish specific tasks in different

Fig. 3. A postural control model extended to include feedback from visual and vestibu-
lar sensory systems in addition to proprioceptive and force-related sensory systems
shown in Figure 1. The visual system senses visual surround orientation relative to the
body VB. The vestibular system senses body-in-space orientation BS. An internal orienta-
tion error signal e is formed from force-related feedback F and a weighted combina-
tion of visual, vestibular, and proprioceptive information with weighting factors W,
W, .,and W__ , respectively.

vest! prop ?
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circumstances. For example, a large
vestibular channel weight favors ori-
entation to earth-vertical, while a large
visual channel weight favors orienta-
tion to the visual world. However,
weight changes must be performed in
a coordinated fashion since changing
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the internal gains of a feedback control system can have a pro-
found effect on the dynamics of the system and on overall sta-
bility.

Is there any way to estimate these sensory channel
weights? As an example, consider the situation where body
sway is evoked by a visual stimulus generated by tilting a vi-
sual surround about an axis through the ankle joints while the
subject stands on a stationary, level support surface. In this
case, sensory orientation cues are provided by visual,
proprioceptive, vestibular, and force sensors. Ignoring the rel-
atively small contribution of passive torque, the transfer func-
tion relating BS to VS is:

BS(s) W, -NC-B-TD
FS(s) 1-F-NC-TD+(W,, +W,, +W,,)NC-B-TD’
Q)

Note that the sensory channel weight W, occurs as a gain
factor in the numerator, and the sum Wi + W, + W, mul-
tiplies one factor in the denominator. If we assume that the
sensory channel weights represent the relative contribution
of the different sensory channels to overall torque produc-
tion, then we can assume that W, + Wy + Wyeq = 1. This
assumption appears to be justified since experimental results
show that the dynamics of the postural control system (other
than the overall gain related to the value of W,;) do not
change in test conditions where the relative contributions of
Wiiss Worops and Wi apparently do change [6]. Transfer
function data (Figure 4) obtained in experiments that used
five different visual stimulus amplitudes show a family of
similarly shaped transfer functions with the main difference
between them being the overall gain. Coherence functions
(not shown) associated with these transfer functions were
similar to one another, indicating that the large gain decrease
observed with increasing stimulus amplitude was not due to
some saturating nonlinearity. Rather, the model-based inter-
pretation is that the nervous system used a different combi-
nation of sensory channel weights for each of the stimulus
conditions such that W, decreased and W, + Wy in-
creased with increasing visual stimulus amplitudes. Func-
tionally, this shift toward increased utilization of vestibular
and/or proprioceptive sensory information reduced the pos-
tural disturbance caused by the increasing amplitude of vi-
sual surround motion.

Curve fits of (6) to the transfer functions in Figure 4 pro-
vided estimates of W, as a function of stimulus amplitude
for subjects with normal sensory function (Figure 5). Also
shown in Figure 5 are W, estimates for two vestibular loss
subjects. Unlike the normal subjects, these vestibular loss
subjects showed little change in W,;, with changing stimu-
lus amplitude. Functionally, this unchanging reliance on vi-
sual cues resulted in an increasing postural disturbance
with increasing stimulus amplitude such that these vestibu-
lar loss subjects had difficulty maintaining stance at larger
stimulus amplitudes.

Conclusions

The models developed here should not be considered to be a
definitive explanation of the postural control system. Rather,
these models serve as quantitative hypotheses to help guide
future research and assist with the interpretation of experi-

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

Visual Stimulus
Fixed Support Surface
10 T T
Gain r ]
BS
Vs
0.1 ]
0.01 I 1 -
100° T T
OO — -
Phase
L +0.5° N
-200 Amp: e {1°
X 2°
- m 4° —
* 8°
-400° ' :
0.01 0.1 1 10
Frequency (Hz)

Fig. 4. Experimental transfer functions (mean of eight subjects
with normal sensory function) obtained in response to
pseudorandom rotation of a visual surround about an axis
aligned with the ankle joint axis [6]. Each transfer function was
obtained using a different stimulus amplitude (0.5-8°
peak-to-peak).
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Fig. 5. Estimates of the visual contribution to postural control
(visual channel weight W, ) provided by curve fits of (6) to the
transfer function data in Figure 4. W, is plotted as a function
of stimulus amplitude for eight normal subjects (mean £SD)

and two vestibular loss subjects.
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An important feature clearly revealed

by the model-based interpretation of

experimental data is the ability of the

human postural control system to alter

its source of sensory orientation cues

as environmental conditions change.

mental data. For example, a control model with PD control
and a positive force feedback loop [Figure 1(b)] provides a
better explanation of the low-frequency dynamic behavior
[Figure 2(c)] than the PID control model [Figures 1(a) and
2(b)]. Since both models have the same number of parame-
ters, Occam’s Razor favors the positive force feedback
model over the PID model or any variation on the PID model
that includes additional parameters. While there is some ex-
perimental evidence that positive force feedback plays a role
in some aspects of motor control [11], its contribution to pos-
tural control is unknown. Our model that includes positive
force feedback represents a quantitative hypothesis that mo-
tivates additional experiments to confirm or refute the con-
tribution of positive force feedback to human postural
control and to investigate the dynamic properties of this
feedback loop.

An important feature clearly revealed by the model-
based interpretation of experimental data is the ability of
the human postural control system to alter its source of sen-
sory orientation cues as environmental conditions change.
Our relatively simple models allowed us to apply systems
identification methods in order to estimate the relative con-
tributions (sensory weights) of various sensory orientation
cues in different environmental conditions [6]. However,
our simple models do not predict how the sensory weights
should change as a function of environmental conditions or
provide insight into the neural mechanisms that cause these
changes. More sophisticated models, such as those employ-
ing optimal estimation ideas [12], are needed to explore
these concepts.
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